The distribution of continuous variable (CV) EinsteinPodolsky-Rosen (EPR)-entangled beams at a telecommunication wavelength of 1550 nm over single-mode fibers is investigated. EPR-entangled beams with quantum entanglement of 8.3 dB are generated using a single nondegenerate optical parametric amplifier based on a type-II periodically poled KTiOPO 4 crystal. When one beam of the generated EPR-entangled beams is distributed over 20 km of single-mode fiber, 1.02 dB quantum entanglement can still be measured. The degradation of CV quantum entanglement in a noisy fiber channel is theoretically analyzed considering the effect of depolarized guided acoustic wave Brillouin scattering in optical fibers. The theoretical prediction is in good agreement with the experimental results. Continuous variable (CV) quantum entanglement is an essential resource for quantum computation and communication protocols [1] . The use of CV quantum entanglement at the telecommunication wavelength, in combination with existing fiber telecommunication networks, offers the possibility to implement long-distance quantum communication protocols such as quantum key distribution (QKD) [2] and applications such as quantum repeaters [3] and quantum teleportation [4] in the future. The quantum entanglement distribution is important if we are to realize large-scale quantum communication networks [5] . It is well known that the optical power attenuation of light in a standard telecommunication fiber is the lowest at the wavelength of 1550 nm. Numerous experiments have been reported on entanglement distribution, swapping, and teleportation in the 1550 nm wavelength band over optical fibers in a discrete variable regime [6] [7] [8] . Meanwhile, CV quantum communication over fiber channels has attracted much interest in recent years, due to the potential improvement of the channel capacity [9] . For example, the tolerance of the excess noise in the quantum channel can be enhanced significantly for CV QKD if CV quantum entanglement is used [10] . However, quantum entanglement is known to sensitively respond to environment influences, which unavoidably gives rise to quantum entanglement degradation [11] . Hence, the development of CV quantum state distribution through the quantum channel, especially in the optical fiber channel, is a demanding task. The propagation of CV entangled states in lossy channels and the distribution of squeezed states in free space have been experimental studied [12, 13] . A few theoretical studies regarding the distribution of CV quantum entanglement over the optical fiber channel were reported [14, 15] , and a preliminary experimental test was performed on the distribution of entangled modes with 1 km of single-mode fiber in the Ph.D. dissertation by Händchen [16] .
Continuous variable (CV) quantum entanglement is an essential resource for quantum computation and communication protocols [1] . The use of CV quantum entanglement at the telecommunication wavelength, in combination with existing fiber telecommunication networks, offers the possibility to implement long-distance quantum communication protocols such as quantum key distribution (QKD) [2] and applications such as quantum repeaters [3] and quantum teleportation [4] in the future. The quantum entanglement distribution is important if we are to realize large-scale quantum communication networks [5] . It is well known that the optical power attenuation of light in a standard telecommunication fiber is the lowest at the wavelength of 1550 nm. Numerous experiments have been reported on entanglement distribution, swapping, and teleportation in the 1550 nm wavelength band over optical fibers in a discrete variable regime [6] [7] [8] . Meanwhile, CV quantum communication over fiber channels has attracted much interest in recent years, due to the potential improvement of the channel capacity [9] . For example, the tolerance of the excess noise in the quantum channel can be enhanced significantly for CV QKD if CV quantum entanglement is used [10] . However, quantum entanglement is known to sensitively respond to environment influences, which unavoidably gives rise to quantum entanglement degradation [11] . Hence, the development of CV quantum state distribution through the quantum channel, especially in the optical fiber channel, is a demanding task. The propagation of CV entangled states in lossy channels and the distribution of squeezed states in free space have been experimental studied [12, 13] . A few theoretical studies regarding the distribution of CV quantum entanglement over the optical fiber channel were reported [14, 15] , and a preliminary experimental test was performed on the distribution of entangled modes with 1 km of single-mode fiber in the Ph.D. dissertation by Händchen [16] .
In this Letter, we investigate the distribution of the generated CV quantum entanglement at the telecommunication wavelength of 1550 nm over single-mode-fibers. The degradation of the quantum entanglement is theoretically analyzed considering the effect of the depolarized guided acoustic wave Brillouin scattering (GAWBS) in a single-mode fiber.
A scheme for the quantum entanglement distribution is that Alice holds EPR-entangled beams, and one beam of the EPRentangled beams is distributed to Bob through a quantum channel [17, 18] . The Duan's inseparability criterion of EPRentangled beams is ε ab < 2 [19] . After one beam is distributed over an optical fiber, ε ab of EPR-entangled beams with anticorrelated amplitude quadratures and correlated phase quadratures can be given by
whereX a ,X b andŶ a ,Ŷ b are the amplitudes and phase quadratures of the EPR-entangled beams, modes a and b, respectively. X 0 b and Y 0 b are, respectively, the amplitude and phase quadrature of the distributed mode b over an optical fiber.
The optical mode transmitted over an ideal lossy fiber channel that there is only vacuum noise induced by loss can be written as
) whereα out ,α in are the output and input optical modes, respectively, andν is the vacuum noise. T is the transmission efficiency of the ideal lossy fiber channel. T T 1 10 −αL∕10 , T 1 is the fiber coupler efficiency, L is the length of the fiber, and α is the loss coefficient of the fiber, which is typically 0.2 dB/km at 1550 nm.
The excess noise in fiber channels has to be considered in the investigation of EPR-entanglement distribution. An important and troublesome excess noise in optical fibers is the thermal excitation of acoustic modes, called guided acoustic wave Brillouin scattering [20] . GAWBS, even though occurring at frequencies higher than 20 MHz, can constitute a significant thermal-noise source to the generation of squeezed states at low frequencies [21, 22] . The mixed torsional-radial acoustic modes (TR 2m ) of GAWBS change the polarization of light and cause a depolarized scattering of light [23] . In the scheme of CV quantum entanglement distribution, the local oscillator (LO) and one beam of EPR-entangled beams are polarization multiplexed into the fiber. The depolarized GAWBS can scatter a portion of LO photons into the EPR-entangled beam inevitably and constitute a thermal-noise source that will induce the degradation of quantum entanglement.
The optical mode transmitted over a noisy fiber channel in which the vacuum noise and excess noise are produced by the effect of the depolarized GAWBS in the fiber is given by [24] 
whereα G is the excess noise caused by the effect of the depolarized GAWBS. η 1 − ξL, T is the transmission efficiency of the noisy fiber channel, and ξ is the photon scattering efficiency of the fiber due to the depolarized GAWBS. The fluctuation of amplitude and phase quadratures of the distributed mode b over a noisy fiber channel can be given by δX
where δX G , δX ν , δY G , and δY ν are fluctuations of amplitude and phase quadratures of the depolarized GAWBS field and the vacuum in the noisy fiber channel, respectively. In this case, ε ab can be rewritten as
For the depolarized GAWBS field and, considering the fact that ξL ≪ 1, hδX [24] .n LO is the average photon number of the LO. For the vacuum, hδX 2 ν i hδŶ 2 ν i 1. For the EPR-entangled beams with anticorrelated amplitude quadratures and correlated phase quadratures, the following relation is satisfied [25] :
where r is the correlation parameter of EPR-entangled beams. After one mode is distributed over a noisy fiber channel, the inseparability criteria of the EPR-entangled beams are theoretically calculated using Eq. (5) 
The experimental setup of the generation and distribution of CV quantum entanglement is shown in Fig. 2 . The pump laser source is a fiber laser with an output power of 2.0 W and a continuous-wave single-frequency operation at 1550 nm. The laser beam was sent through a mode clear (MC) to filter the excess intensity noise of the laser. The main portion of the 1550 nm laser from the MC was frequency doubled to obtain a 775 nm laser that acted as the pump of the nondegenerate optical parametric amplifier (NOPA). The residual portion was used as the injected signal of the NOPA and LOs of homodyne detections. EPR-entangled beams with anticorrelated amplitude quadratures and correlated phase quadratures were generated from a triply resonant NOPA based on a type-II periodically poled KTiOPO 4 crystal when the relative phase between the pump and injected signal was locked to π. EPR-entangled beams with frequencies that are identical to that of the injected signal and polarized orthogonally to each other, were separated to beams a and b using a polarizing beam splitter (PBS1). Alice held the generated EPR-entangled beams and reserved one mode (beam a). Another mode (beam b) and LO were distributed to Bob over a single-mode fiber. The waist of the LO was transformed to be similar to that of beam b by a telescope system at first. Then, beam b and LO were combined on PBS2 and coupled into the single-mode fiber using an aspheric lens with a focus length of 11 mm. A fiber polarization controller was used to compensate for the polarization state variation induced by random fluctuations of birefringence of the single-mode fiber when the light propagates along the fiber, and to keep the polarization of light linear at the fiber output. After being distributed over a single-mode fiber, beam b and LO were separated by PBS3.
Alice and Bob simultaneously measure the amplitude and phase quadratures of beam a and distributed beam b, respectively, using homodyne detections. The sideband frequency of Ω 7 MHz was chosen as the center frequency for Alice's and Bob's measurements because the highest entanglement can be obtained at this frequency. The electric output signals from the negative power combiner (−) were passed through a low-noise amplifier with the gain of 30 dB and a bandpass filter (BPF) with the central frequency of 7 MHz and the bandwidth of 500 kHz, and recorded using a storage oscilloscope by Alice and Bob, respectively. However, there is a delay for beam b distributed over a single-mode fiber. The delay time is L∕nc, c is the velocity of light, and n is the fiber's refractive index at 1550 nm. The recorded data were processed by a computer, including the synchronization and calculation of correlation variances of the distributed EPR-entangled beams.
The measured correlation variances of the amplitude sum and phase difference of the generated EPR-entangled beams from the NOPA are 8.44 0.13 and 8.30 0.11 dB below the corresponding SNL, respectively. The EPR-entangled beams satisfy the inseparability criterion hδ 2 X a X b i hδ 2 Ŷ a −Ŷ b i 0.29 0.02 < 2. Beam b of the EPRentangled beams and LO were distributed to Bob over singlemode fibers (SMF-28e) with lengths of 1, 2, 5, 10, 20, and 30 km. The amplitude (phase) quadratures were measured in a time domain when the relative phase between LO and EPR-entangled beam was locked to 0 (π∕2). The SNLs were above the electronic noise levels of 4, 7, 10, and 12.2 dB at a frequency of 7 MHz when the LO powers were 3, 6, 12, and 20 mW, respectively. To get good signal-to-noise ratio at the homodyne detections, the optimized LO power was 12 mW in our experiment, although the theoretical calculation indicates that the distribution length of EPR-entangled beams is longer when the lower LO power is used. Figure 4 shows the experimental data and theoretical prediction of inseparability criteria of the distributed EPR-entangled beams via the transmission length of the single-mode fiber. The diamonds in Fig. 4 are the experimental data. The first datum is the EPR inseparability criterion of the generated EPRentangled beams. Other data are the inseparability criteria of EPR-entangled beams after beam b and LO are distributed to Bob over single-mode fibers with the fiber coupler efficiency of 88%. When beam b and LO are distributed to Bob over 20 km of single-mode fiber, the measured correlation variances Fig. 2 . Experimental setup of the generation and distribution of CV quantum entanglement. NOPA, nondegenerate optical parametric amplifier; PRM1-2, partial reflection mirror; PZT1-2, piezo-electric transducer; PBS1-3, polarizing beam splitter; BS, 50/50 beam splitter; PD1-4, photo detector; ⊖, negative power combiner; ⊗ , mixer; BPF, bandpass filter; LNA, low-noise amplifier; FPC, fiber polarization controller. Fig. 4 is the theoretical prediction considering the ideal lossy fiber channel. It can be seen that the discrepancy between the theoretical prediction and experimental results grows as the transmission length increases. The solid line in Fig. 4 is the theoretical prediction considering the noisy fiber channel, which is calculated using Eq. (5) with the parameters ξ 0.9× 10 −12 cm −1 and T 1 88%, α 0.2 dB∕km; quantum entanglement of the EPR-entangled beams is 8.3 dB, and the LO power is chosen to be 12 mW. The parameter ξ of 0.9 × 10 −12 cm −1 is chosen to fit the experimental data because it is difficult to get the influence weight to the photon scattering efficiency from every acoustic mode of GAWBS in a singlemode fiber quantitatively. The theoretical prediction considering the excess noise in the fiber channel is in good agreement with the experimental results.
In conclusion, we have demonstrated the distribution of CV quantum entanglement at a telecommunication wavelength over 20 km of single-mode fiber. When LO and beam b of EPR-entangled beams with quantum entanglement of 8.3 dB are distributed to Bob over 20 km of single-mode fiber, the measured correlation variances of amplitude sum and phase difference are, respectively, 1.16 and 1.02 dB below the corresponding SNL. The EPR inseparability criterion of 1.57 is still less than 2. Using a theoretical model considering the excess noise induced by the depolarized GAWBS in a fiber channel, the theoretical prediction is in good agreement with the experimental results. The experimental results illustrate the potential for fiber-based CV quantum communication. Fig. 4 . Inseparability criteria of the EPR-entangled beams versus the transmission length of single-mode fibers. The diamonds are the experimental data. The solid and dashed curves are the theoretical prediction for a noisy fiber channel and an ideal lossy fiber channel.
